Abstract. Using a combinatorial approach, Cr, Al and C have been deposited onto sapphire wafer substrates by High Power Impulse Magnetron Sputtering (HiPIMS) and DC magnetron sputtering. X-ray photoelectron spectroscopy, X-ray absorption spectroscopy and X-ray diffraction were employed to determine the composition and microstructure of the coatings and confirm the presence of the Cr 2 AlC MAX phase within both coatings. One location in both the DCMS and HiPIMS coatings contained only MAX phase Cr 2 AlC.
Introduction
MAX phase materials have composition of the form M n+1 AX n (n=1, 2, or 3) where M is an early transition metal, A is often a group 3A or 4A element from the periodic table and X is either carbon or nitrogen [1] [2] [3] .
Some of the desirable properties of both ceramics and metals are exhibited by MAX phase materials including machinability, corrosion resistance and high electrical conductivity.These useful properties stem from complex microstructure that includes extremely strong M-X bonds and weaker M-A bonds. Potential applications include protective coatings, low friction surfaces, and high temperature electrical contacts [3] .
MAX phase materials are routinely synthesized from hot-pressed powders in bulk form [3] but many applications are better served by thin film coatings. Nickl et al. were the first to synthesize a MAX-phase thin film in 1972, using chemical vapour deposition to deposit Ti 3 SiC 2 [4] . Ti 3 SiC 2 has also been prepared using magnetron sputtering from both a compound target and from three individual elemental targets [5] [6] .
Numerous other MAX phase materials have been deposited using magnetron sputtering [7] [8] [9] [10] [11] [12] [13] [14] including Cr 2 AlC [15] [16] [17] [18] [19] [20] [21] [22] [23] .
High Power Impulse Magnetron Sputtering (HiPIMS) provides a more ionized depositing flux [24] when compared with conventional sputtering. This results in both higher average deposition energy and the ability to control the deposition energy using substrate bias. Ion bombardment can then be exploited to improve the properties of the deposited materials. Since deposition energy is known to influence the microstructure of coatings [25] , HiPIMS coatings may offer improved performance when compared with conventionally sputtered coatings. The application of the HiPIMS technique to the synthesis of MAX phase materials has thus far been restricted to deposition from composite or MAX-phase compound targets [26] [27] [28] .
In the present paper, we investigate whether the increased deposition energy available in HiPIMS is beneficial to the synthesis of Cr x AlC y thin films including MAX phase Cr 2 AlC. Films were prepared under similar conditions using both conventional DC magnetron sputtering (DCMS) and HiPIMS. A combinatorial A C C E P T E D M A N U S C R I P T
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approach [29] , in which three sputter targets provided flux gradients across the substrate in directions dependent on their location, was used to produce coatings with composition varying as a function of position on the substrate. The composition, chemical bonding, microstructure and electrical resistivity were then measured at selected positions and comparisons were made between the DCMS and HiPIMS coatings.
Materials and Methods
A magnetron sputtering system (AJA, Inc.) was used to deposit the coatings onto polished Al 2 O 3 (0001)-oriented wafers (diameter 50 mm and thickness 0.5 mm) mounted ~12 cm from the three (three-inch diameter) sputter heads. A substrate temperature of 550 °C was selected. The base pressure of the deposition chamber was less than 0.33 mPa with the sample heated. During deposition, an Ar process pressure was maintained at 0.36 Pa. Cr, Al and C coatings were deposited individually and the film thicknesses and bulk densities were used to calibrate the deposition rates in order to find optimum process conditions to deposit Cr 2 AlC. The resulting films were all 400 ± 20 nm in thickness. Al was deposited using a DC power of 70 W, C with a RF power of 577 W and Cr was operated in either HiPIMS or DCMS mode. The HiPIMS Cr deposition was performed using a pulse length of 70 μs at 150 Hz, a voltage of 750 V and a maximum current of 39A and the DCMS Cr deposition was performed with a power of 87 W. The Cr target was operated in HiPIMS mode due to its higher degree of ionization relative to Al and especially C where the use of HiPIMS is expected to have a more limited effect (similar reasoning was employed in [27] ).
The coatings were imaged using a Hitachi S-4500 scanning electron microscope operating at 15 keV.
Chemical bonding within the coatings was analysed using both x-ray photoelectron spectroscopy (XPS) and x-ray absorption spectroscopy (XAS). XPS was performed using a Thermo Scientific K-alpha instrument with an Al K source (1486.7 eV) operating with an x-ray spot size of 400 m. The compositions of the thin films were determined from XPS depth profiles. These were performed using an Ar ion beam operating at 2 keV. A hot pressed Cr 2 AlC magnetron target was used as a standard for XPS(Testbourne Ltd, ChromiumAluminium Carbide Target Cr 2 AlC, 99.5% pure), giving an estimated uncertainties in measured stoichiometries of ±5%. XAS was performed using the soft x-ray beamline at the Australian synchrotron, in which the total electron yield (TEY) was collected for analysis. Glancing angle x-ray diffraction (XRD) was
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performed using a PANalytical X'pert MRD diffractometer equipped with a 6-axis sample stage. A 5 mm vertical slit was used between the source and the sample. The collection areas of the NEXAFS and XPS measurements were ~0.1 mm 2 , while the XRD sampling area was estimated to be 5 mm by 0.5 mm. Fourpoint probe resistivity measurements were performed using a PC-controlled source meter and a four-probe station.
Results and discussion.
The voltage (black) and current waveforms (blue) for the Cr target operating in HiPIMS mode are shown in Figure 1 . The pulsed power supply has an output inductance and capacitance that causes the ringing at the start of the voltage pulse and persists whilst there is no load prior to plasma ignition. The delay in the onset of current (~20 s) is associated with plasma ignition. These characteristics are typical for HiPIMS systems [3] . The fraction of ions in a HiPIMS Cr flux has been reported to be up to ~30% [30] . Under our operating conditions with lower peak power densities, the ion fraction of the HiPIMS Cr flux will be less, but appreciably higher than in the DCMS Cr flux.. 
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Room-temperature electrical resistivity measurements from the coatings ranged from approximately 5×10 -7 to 5×10 -6 Ω·m (Table 1) . At positions A and B (with compositions differing most from Cr 2 AlC), the difference between the resistivity of the HiPIMS film and the DCMS film is significant with appreciably higher conduction in the HiPIMS film. At position C (with a composition close to Cr 2 AlC), both films have approximately equal resistivities. Surface and interface scattering inevitably cause increased resistance in thin films relative to their bulk counterparts but in the DCMS and HiPIMS film, the measured resistivities at point C are both close to the resistivity of bulk Cr 2 AlC (~7×10 -7 Ω·m [3] ). Comparison between bulk and thin film resistivity in MAX phase materials can be problematic (for the reasons outlined below) but Emmerlich et al. [5] reported that resistivities of 25-30 μΩ cm were measured from DCMS Ti 3 SiC 2 MAX phase films; only slightly higher than the 22 μΩ cm reported for the bulk material.
One of the most important and difficult challenges remaining in MAX phase research is to understand their electrical properties. In order to interpret the conductivity measurements, the microstructure, orientation, composition (including the exact stoichiometry) and phase purity (including phase content and distribution of any secondary phases) of the MAX phase must be known precisely [1] . Determination of the anisotropy in conductivity requires direct measurement of the conductivity along different crystal orientations, only possible with bulk single crystals much larger than the ~15 nm diameter grains (calculated by Scherrer's analysis) in the DCMS/HiPIMS films grown here. peak. In the diffractograms taken from position D, the MAX phase (103) peak is sharper in the HiPIMS coating but the (002) peak is absent. This shows that the energetic deposition has resulted in a change in preferred orientation in the MAX phase.. position. Lifetime broadening causes this splitting to be less clear in the L2 peak [32] . The L3 sub-peak (a) at 575 eV could originate from Cr-Cr bonding or Cr-C bonding [33] . Given there is no evidence of Cr metal in these coatings, this sub-peak is likely to originate from either Cr 3 C 2 or from the strong M-X (Cr-C) bonds

within MAX phase Cr 2 AlC. The second sub-peak (b) at approximately 576 eV is consistent with Cr-O bonding [34] and is likely to originate from a surface oxide.
In the Al K-edge ( Figure 5(b) ), the peak located at ~1560 eV (peak e) is attributed to Al-Al bonding [35] , consistent with the A-A planar bonding within the MAX phase structure. At location A, this feature is less intense in the DCMS coating, suggesting less of the metallic Al-Al bonding is present. This is consistent with the less intense XRD M peaks exhibited by the DCMS coating ( Figure 4 ). The peaks located at ~1562eV
(peak f), ~1566 eV (peak g) and ~1568 eV (peak h) originate from aluminium bonded to oxygen in either a disordered octahedral (peaks f and h) or tetrahedral (peak g) arrangement [36, 37] . The peak located at 1571 eV (peak i) is due to multiple scattering events [38] . These peaks are all attributed to surface oxide. 
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The above results show that at location C, the DCMS and HiPIMS films were almost identical in structure, composition and electrical resistivity. In both films, X-ray diffraction from this location consisted of peaks that could only be attributed to MAX phase Cr 2 AlC. We therefore believe that the coatings contained mainly MAX phase, an assertion supported by their low electrical resistivity. No benefit due to the energetic HiPIMS plasma was apparent, possibly due to the separation between the Cr target (in HiPIMS mode) and location C being the largest. At position D, XRD suggested that the MAX phase was dominant in the HiPIMS film whilst the DCMS film contained carbide and alloy phases. This was probably due to the different compositions, with the DCMS and HiPIMS films respectively, Cr rich and Al rich. Differential sputtering due to the more energetic HiPIMS plasma may have resulted in the significant compositional changes at this location.
Conclusions
Combinatorial deposition was used to prepare Cr x AlC y coatings on sapphire wafers using both DCMS and HiPIMS. XRD revealed the presence of MAX phase Cr 2 AlC, the intermetallic phase Cr 2 Al and the carbide phase Cr 3 C 2 in both films. Only the MAX phase Cr 2 AlC was observed at all locations in both DCMS and HiPIMS coatings. NEXAFS measurements of the major bonding states confirmed the presence of the M-X and A-A bonding in the MAX phase. According to XRD, compositional-and electrical-measurements, the same location within the DCMS and HiPIMS coatings contained almost pure MAX phase. At this location, the composition, structure and electrical resistivity were almost identical, indicating that the additional energy in the HiPIMS plasma did not significantly alter the properties of the coating.
Acknowledgements
The A C C E P T E D M A N U S C R I P T
